ABSTRACT Culicoides biting midges (Diptera: Ceratopogonidae) are vectors of disease, including bluetongue and African horse sickness. Host preference of these insects is primarily regulated by olfactory cues, detected by olfactory sensilla on the antennae and maxillary palps. In this study, we analyzed the sensillum repertoire of biting midge species with known host preferences. Five different morphological sensillum types, sensilla trichodea, s. chaetica, s. ampullacea, s. coeloconica, and grooved peg sensilla, were present on the antennae of all species. In addition sensilla basiconica were present on the maxillary palps. We found that the numbers of short blunt-tipped s. trichodea, s. coeloconica, and s. basiconica are signiÞcantly higher in the ornithophilic Culicoides festivipennis (Kieffer) compared with the mammalophilic Culicoides obsoletus (Meigen) and Culicoides chiopterus (Meigen). In contrast, we found that the mammalophilic Culicoides pulicaris (L.) and the opportunistic Culicoides punctatus (Meigen) have intermediate numbers of these sensillum types. Comparison with available data from other species strongly suggests that these differences in the number of speciÞc sensillum types, in general, are a reßection of host preference and not of phylogeny. We discuss the putative function of the individual sensillum types in relation to host volatile detection.
Culicoides biting midges (Diptera: Ceratopogonidae) are a nuisance, but more importantly vectors of disease, including bluetongue, African horse sickness, Schmallenberg virus, and avian malaria (Mellor et al. 2000 , Garvin and Greiner 2003 , Cetre-Sossah et al. 2004 , Mullens et al. 2006 , Rasmussen et al. 2012 . Despite their role as disease vectors we have limited knowledge concerning the determining factors regulating the host preference behavior of these insects.
Field observations and bloodmeal analyses have shown that several species of Culicoides have a preference to blood feed on mammals, i.e., they are mammalophilic (Baldet et al. 2008 , Foxi and Delrio 2010 , Nielsen and Chirico 2010 , Ninio et al. 2011 . Examples are Culicoides obsoletus (Meigen), Culicoides chiopterus (Meigen), and Culicoides pulicaris (L.) (Bartsch et al. 2009 , Lassen et al. 2011 , Pettersson et al. 2013 . In contrast, other species have been shown to be ornithophilic, i.e., they prefer to blood feed on birds (Martinez-de la Puente et al. 2009 , Votypka et al. 2009 , Foxi and Delrio 2010 , Cerny et al. 2011 or to be opportunistically feeding on both mammals and birds. Examples of ornithophilic species are Culicoides festivipennis (Kieffer) and Culicoides circumscriptus (Kieffer) (Pettersson et al. 2013 ) and of opportunistic species are Culicoides punctatus (Meigen) (Pettersson et al. 2013) .
Host preference behavior of Culicoides biting midges is primarily regulated by volatiles emitted by their hosts (Kline et al. 1994; Blackwell et al. 1996; Bhasin et al. 2000a,b; Logan et al. 2009 ). These volatiles are detected by hair-like structures called sensilla on the antennae (Bhasin et al. 2000a , Logan et al. 2009 ) and maxillary palps (Grant and Kline 2003) . Previous studies have implied that the abundance and distribution of different morphological types of olfactory sensilla correlate with the host preference of Culicoides biting midges (Rowley and Cornford 1972 , Braverman and Hulley 1979 , McKeever et al. 1994 . However, these studies have generally been restricted to a limited number of sensillum types. Furthermore, these studies have implied a correlation between sensillum numbers and host preference without consideration of the phylogenetic relationship between the species.
In this study, we analyzed the sensillum repertoire of Þve Culicoides species with known host preferences by using scanning electron microscopy. We compare our data with previous studies to infer whether differences in sensillum numbers represent a true relationship with host preference or are a reßection of phylogeny.
Materials and Methods
Insects. In this study, Þve species of biting midges were selected due to their differences in host preference, two species from the Obsoletus complex, C. obsoletus and C. chiopterus, and two from the Pulicaris complex, C. pulicaris and C. punctatus. Field observations and bloodmeal analyzes have shown that C. obsoletus, C. chiopterus, and C. pulicaris are mammalophilic, whereas C. punctatus is opportunistic in its host preference (Pettersson et al. 2013 ). In addition, C. festivipennis was included in the study due to its ornithophilic preference (Martinez-de la Puente et al. 2009 , Cerny et al. 2011 , Pettersson et al. 2013 . Female specimens were obtained from the Swedish National Veterinary Institute (Nielsen and Chirico 2010) and kept in 70% ethanol.
Tissue Preparation. For each species, the head with appendages was separated from the body and mounted on stubs for scanning electron microscopy. To obtain a full three-dimensional view of the antennae, four individuals of each species were mounted from a dorsal view and four from a ventral view. In addition, the third segment of the maxillary palp of each species was scanned in a similar manner. The specimens were sputter coated with a gold-palladium mix (JFC-1100, JOEL, Tokyo, Japan) and then visualized using a scanning electron microscope (435 VP, LEO Electron Microscopy Ltd., Cambridge, United Kingdom).
Data Analysis. The total length of the antennae, together with the length and width of the individual segments, was recorded. Furthermore, the number of the different morphological sensillum types on the antennae and maxillary palps, together with measurements on their length and basal width, was documented. A oneway-analysis of variance followed by TukeyЈs multiple comparison test was used to analyze differences in antennal length and sensillum numbers between species.
Results
Female Culicoides Antennae. The antennae of all female Culicoides biting midges shared a basic structural design: a basal segment, the scape (ßagellomere [F]1), followed by the pedicel (F2), and the ßagellum consisting of 13 subsegments (F3ÐF15) (Fig. 1a) . Subsegments F3ÐF10 were ovoid, whereas F11ÐF15 were elongated (Fig. 1a) . All subsegments were covered with microtrichia, and a reduction in the number of microtrichia was evident in C. festivipennis compared with the other species. The length and area of the ßagellum varied signiÞcantly between the species in the following order: C. chiopterus Ͻ C. obsoletus Ͻ C. punctatus Ͻ C. festivipennis Ͻ C. pulicaris (Table 1) . Antennal Sensillum Types. Five different morphological types of sensilla (Keil 1999) were present on the antennae of the investigated species: sensilla trichodea, s. chaetica, s. ampullacea, s. coeloconica, and grooved peg sensilla (Fig. 1b and c) . The total number of sensilla differed signiÞcantly between species, with increasing numbers in each species in the following order: C. chiopterus Ͻ C. obsoletus Ͻ C. punctatus Ͻ C. pulicaris Ͻ C. festivipennis (Table 1) .
S. trichodea was the most abundant sensillum type and accounted for Ϸ60% of the total number of sensilla in each species. Based on differences in their morphology the sensilla were divided into sharp-and blunt-tipped s. trichodea. Sharp-tipped s. trichodea were present on subsegments F11ÐF15 (Table 2 ). This sensillum subtype was broad at the base, with a curved tapering and a sharp tip. Based on differences in length and basal width these sensilla could further be separated as short sharp-tipped s. trichodea, with a length of 26 Ð35 m and a basal width of 1.3Ð1.7 m, and long sharp-tipped s. trichodea, with a length of 40 Ð54 m and a basal width of 1.8 Ð2.5 m (Table 3 ). There was a gradual overlap of short sharp-tipped s. trichodea and long sharp-tipped s. trichodea in the medial region of each antennal segment, with larger numbers of long sharptipped s. trichodea and short sharp-tipped s. trichodea at the distal and proximal part of the segment, respectively. C. chiopterus and C. pulicaris were separated from the remaining three species in having lower numbers of short sharp-tipped s. trichodea (Table 2) . Blunt-tipped s. trichodea were less tapered compared with sharp-tipped s. trichodea (Fig. 1b) . Based on their external morphology, these sensilla were further divided into three subtypes: blunt-tipped s. trichodea, short blunt-tipped s. trichodea, and long blunttipped s. trichodea. Blunt-tipped s. trichodea had a length of 17Ð23 m, and they were narrower at the base compared with the other subtypes ( Table 3 ). The lengths of the short blunt-tipped and long blunttipped s. trichodea were 23Ð31 and 52Ð78 m, respectively. Blunt-tipped s. trichodea were only present on subsegments F11ÐF15 (Table 2 ; Fig. 1b ). In contrast, short blunt-tipped and long blunt-tipped s. trichodea were present on subsegments F3ÐF10, with a highly repeatable distribution pattern (Table 2 ; Fig. 1b) . A comparison across species revealed that C. festivipennis had a signiÞcantly higher number of short blunttipped s. trichodea than the other species (Table 2) .
S. chaetica had an articulated hair-like structure and encircled the distal side of subsegments F3ÐF10 ( Fig.  1a and b) . Furthermore, a single s. chaetica was present at the tip of F15. This aporous sensillum type had a large raised socket with a scalloped surface and terminated in a sharp tip. The number of s. chaetica varied from 29 in C. obsoletus and C. chiopterus to 60 in C. pulicaris. C. pulicaris and C. punctatus had signiÞcantly higher numbers of s. chaetica than the other species (Table 2) .
S. ampullacea were oval in appearance with a slit opening ( Fig. 1c) and were located on subsegments F3 and F4. These sensilla measured Ϸ1 m in diameter, with the slit opening being 0.36 m across the surface of the sensillum. S. ampullacea were present in all species but appeared to be absent in C. chiopterus (Table 2) .
S. coeloconica were peg-like structures with a grooved surface that resided in pits, surrounded by a ring of 7Ð10 microtrichia, on the antennal surface (Fig.  1d ). These sensilla were generally located on the proximal side of the subsegments and were usually grouped together (Fig. 2) . In all species, except C. festivipennis that housed s. coeloconica on all subsegments (Table 2 ), these sensilla were located on subsegments F3 and F11ÐF15. C. festivipennis had a signiÞcantly higher number of s. coeloconica than the remaining four species (Table 2) .
Grooved peg sensilla were scattered over the surface of subsegments F10 ÐF15. These sensilla were peg shaped and their surface slightly grooved (Fig. 1e) . This sensillum type was most abundant on subsegment F15 and decreased in number from subsegments F14 to F10. The highest numbers of grooved peg sensilla were found in C. festivipennis (54) and the lowest in C. chiopterus (29). SigniÞcant differences in the number of grooved peg sensilla were found between the studied species (Table 2) .
Maxillary Palp Basiconic Sensilla. Sensilla basiconica were found on the third, and distally enlarged, segment of the maxillary palps (Fig. 3) . In C. obsoletus, C. chiopterus (Fig. 3a) , and C. festivipennis, these sensilla were sunken into a single pit, whereas in C. pulicaris and C. punctatus (Fig. 3b) they were grouped Species with similar letters in the same column are not signiÞcantly different (P Ͻ 0.001).
together in several shallow pits. SigniÞcant differences in the number of sensilla basiconica were found between species (F ϭ 478.6; df ϭ 4, 19; P Ͻ 0.001). The mean numbers of sensilla present on C. festivipennis (52 Ϯ 0.8) were signiÞcantly different from C. pulicaris (27.3 Ϯ 0.8), C. punctatus (26.8 Ϯ 1), C. obsoletus (11.5 Ϯ 0.9), and C. chiopterus (6.8 Ϯ 0.5) (P Ͻ 0.001). Furthermore, the numbers of s. basiconica in C. pulicaris and C. punctatus were signiÞcantly different from those of C. obsoletus and C. chiopterus (P Ͻ 0.001) that were in turn were signiÞcantly different from each other (P Ͻ 0.001).
Discussion
This study shows that host preference in Culicoides biting midges, in general, is correlated with the number of speciÞc sensillum types on their antennae and maxillary palp. In addition, comparison with available data from other Culicoides species across different subgenera support this relationship over that of a phylogenetic relationship.
Sensillum Numbers Versus Host Preference and Phylogenetic Relationships. Antennal and maxillary palp sensilla are the physical sites for chemical detec- tion; consequently, they regulate odor-mediated host preference behaviors in insects, including blood-feeding insects (Logan and Birkett 2007) . Although previous studies have suggested a relationship between the number of sensilla and behavior, the evaluation of these results are fraught with difÞculties. An important aspect to consider in making this assumption is the phylogenetic relationship between the species (McIver 1982) . To restrict potential confounding relationships, we here analyzed the sensillum repertoire of species within a single genus as suggested by McIver (1982) . It should be noted, however, that the species in the current study belong to different subgenera; Oecacta (C. festivipennis), Culicoides (C. punctatus and C. pulicaris), and Avaritia (C. obsoletus and C. chiopterus). These subgenera may be either paraphyletic or monophyletic, but a consensus is yet to be presented (Gomulski et al. 2006 , Perrin et al. 2006 . The ornithophilic C. festivipennis has signiÞcantly higher numbers of short blunt s. trichodea, s. coeloconica, and s. basiconica compared with the mammalophilic and opportunistic species (Table 2) . A high number of s. coeloconica and s. basiconica also has been reported in other ornithophilic species, including C. circumscriptus and Culicoides crepuscularis (Malloch) (Beltranmyiya), as well as Culicoides duddingstoni (Kettle & Lawson) and Culicoides pectipennis (Staeger) (Oecacta) ( Table 4) . The opportunistic C. punctatus has an intermediate number of both s. coeloconica and s. basiconica compared with the ornithophilic and mammalophilic species, with the exception of C. pulicaris. Considering the suggested paraphyletic origin of the studied ornithophilic and mammalophilic species, data thus suggest a strong relationship between total numbers of speciÞc sensillum types and host preference in these species. In contrast, similarities in sensillum numbers between the phylogenetically related opportunistic C. punctatus and mammalophilic C. pulicaris suggest that host discrimination in opportunistic species may be regulated differently. A possible regulatory mechanism may be differences in the functional characteristics of the sensilla as has been reported in the closely related Anopheles malaria mos- quitoes (van den Broek and den Otter 1999) . Although previous studies have analyzed the sensillum repertoire of other opportunistic species (Table 4) , these species have all been autogenous (Koch and Axtell 1978) , i.e., they are able to go through a gonothropic cycle without acquiring a bloodmeal. In all autogenous species, including Culicoides impunctatus (Goetghebuer) (Boorman and Goddard 1970) , low numbers of s. coeloconica, grooved peg sensilla, and s. basiconica have been reported (Table 4) . A decreased number of grooved peg sensilla is also characteristic of autogenous mosquito species (McIver 1982) . McIver (1982) argued that this reduction of grooved peg sensilla reßects an attenuation of olfactory capacity when the need for host location is reduced. The autogenous species of Culicoides biting midges have been suggested to be paraphyletic, emphasizing once more that the sensillum repertoire may relate back to host preference or in this case their autogenous behavior.
Sensillum Number and Function Correlate With Ornithophilic Preference. Physiological analysis of s. coeloconica has revealed a highly conserved function across insects, including moths (Pophof 1997 , Hill et al. 2010 ), ßies (van den Broek and den Otter 2000 , Yao et al. 2005 , Qiu et al. 2006 , and bedbugs (Harraca et al. 2010) . These studies have shown that coeloconic sensilla, as well as grooved peg sensilla, are tuned to amines and acids that are part of the chemical signature of both mammals and birds (Bernier et al. 2000 , Birkett et al. 2004 , Campagna et al. 2012 . Interestingly, ornithophilic mosquitoes have been shown to have a high number of grooved peg sensilla (Omer and Gillies 1971, McIver 1982) , similarly to that found for coeloconic sensilla in this study. The high number of these sensilla may relate to an elevated sensitivity to amines and acids. Alternatively, a higher number of sensilla may relate to an increased discrimination capacity of the olfactory system that enables the insects to differentiate among potential hosts, as suggested in other studies (van den Broek and den Otter 1999, 2000; Syed and Leal 2009) . A similar argument may hold true for both short blunt-tipped s. trichodea and s. basiconica. In mosquitoes, short blunt-tipped trichoid sensilla are known to detect short-chain fatty aldehydes (van den Broek and den Otter 1999, Qiu et al. 2006 , Hill et al. 2009 ) that are present in the odor proÞle of several bird species, as well as mammals (Bernier et al. 2000 , Birkett et al. 2004 , Campagna et al. 2012 . Physiological and behavioral analyses conÞrm that biting midges also respond to these ubiquitous volatiles (Bhasin et al. 2000a , Venter et al. 2011 , Romon et al. 2012 ; however, single sensillum recordings are required to verify the functional identity of the sensilla responding to these cues. Single sensillum recordings from s. basiconica of Culicoides biting midges have shown that these detect carbon dioxide (Grant et al. 1995, Grant and Kline 2003) , a generic cue shared by all vertebrate hosts. Studies of both biting midges (Rowley and Cornford 1972 , Braverman and Hulley 1979 , McKeever et al. 1994 ; this study) and mosquitoes (McIver 1982) have reported that ornithophilic species possess more s. basiconica on the maxillary palps compared with species that feed on large vertebrates. One may argue that this reßects a requirement of higher sensitivity of blood-feeding insects that feed on small or dispersed vertebrates, such as solitary birds or even reptiles, compared with those that feed on larger or gregarious vertebrates, for example, cattle and sheep. Trichoid and Grooved Peg Sensilla. The antennae of all species of Culicoides are draped with various subtypes of s. trichodea as well as grooved peg sensilla that do not seem to correlate with phylogeny or behavior. These sensilla share similar morphological characteristics as those described in other biting midges (Chu-Wang et al. 1975 , Felippe-Bauer et al. 1989 , Blackwell et al. 1992 as well as in mosquitoes (McIver 1982) . Physiological analyses of these sensilla in mosquitoes and other blood-feeding insects reveal that these detect a range of semiochemical compounds, including host volatiles, oviposition site volatiles, and foraging cues (Davis 1977 , van den Broek and den Otter 1999 , Qiu et al. 2006 , Ghaninia et al. 2008 , Hill et al. 2009 , Syed and Leal 2009 , Harraca et al. 2010 , Hill et al. 2010 . Future studies need to investigate the physiological characteristics of these sensilla in Culicoides biting midges.
